in lipid metabolism, cell signaling, and membrane trafficking is increasingly recognized, yet the role of the LD phospholipid monolayer in LD protein targeting and function remains unknown. To begin to address this issue, two populations of LD were isolated by ConA sepharose affinity chromatography: 1) functionally active LD enriched in perilipin, caveolin-1, and several lipolytic proteins, including ATGL and HSL; and 2) LD enriched in ADRP and TIP47 that contained little to no lipase activity. Coimmunoprecipitation experiments confirmed the close association of caveolin and perilipin and lack of interaction between caveolin and ADRP, in keeping with the separation observed with the ConA procedure. The phospholipid monolayer structure was evaluated to reveal that the perilipin-enriched LD exhibited increased rigidity (less fluidity), as shown by increased cholesterol/phospholipid, Sat/Unsat, and Sat/ MUFA ratios. These results were confirmed by DPH-TMA, NBDcholesterol, and NBD-sphingomyelin fluorescence polarization studies. By structure and organization, the perilipin-enriched LD most closely resembled the adipocyte PM. In contrast, the ADRP/TIP47-enriched LD contained a more fluid monolayer membrane, reflecting decreased polarizations and lipid order based on phospholipid fatty acid analysis. Taken together, results indicate that perilipin and associated lipolytic enzymes target areas in the phospholipid monolayer that are highly organized and rigid, similar in structure to localized areas of the PM where cholesterol and fatty acid uptake and efflux occur. lipolysis; caveolae; caveolin; concanavalin-A; adipose differentiationrelated protein IT IS INCREASINGLY CLEAR THAT LIPID DROPLETS (LD) are dynamic organelles with regulatory roles in many cellular processes besides lipid metabolism, including cell signaling, immune function, membrane trafficking, and regulation of longevity (42, 70) . Whereas the mechanism of these processes is only partially understood, much less is known about how the structure of the LD phospholipid monolayer may affect LD protein targeting and function. Embedded in the monolayer that surrounds the LD neutral lipid (NL) core are proteins, such as perilipins (65) and adipose differentiation-related protein (ADRP) (16, 41) , that coat the LD surface and lipids such as cholesterol (4, 80) that help to define the LD structure. Perilipin and ADRP are two members of the PAT [perilipin, ADRP, tail-interacting protein 47 (TIP47)] family from the Plin group of genes (56) that were initially thought to act simply as barriers to protect the NL core against lipolytic action (63, 65). Current evidence suggests a more complex mechanism, one that requires coordination of perilipin with several lipases, including adipose triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), and the activator molecule comparative gene identification-58 (CGI-58), a protein with no lipolytic activity that increases ATGL activity to promote triacylglyerol hydrolysis (11, 14, 44) . Perilipin and HSL upon hormonal stimulation are phosphorylated, causing HSL to translocate to the LD surface and perilipin to release CGI-58, which can then activate ATGL (105). Both lipases then work in concert to hydrolyze triacylglyerols stored in the LD NL core. Although it not known how lipases on the LD surface gain access to core lipids, studies with mice deficient in AGTL and HSL revealed that the primary lipase responsible for triacylglyerol metabolism was AGTL, whereas HSL was key to diacylglycerol hydrolysis (91). In the final step, monoacylglycerol lipase (MAGL) releases the last of the three fatty acid molecules and glycerol (3, 61). Despite a greater understanding of the molecular details regarding triacylglyerol hydrolysis, the influence of the LD phospholipid monolayer in regulating lipolysis remains largely unknown.
IT IS INCREASINGLY CLEAR THAT LIPID DROPLETS (LD) are dynamic organelles with regulatory roles in many cellular processes besides lipid metabolism, including cell signaling, immune function, membrane trafficking, and regulation of longevity (42, 70) . Whereas the mechanism of these processes is only partially understood, much less is known about how the structure of the LD phospholipid monolayer may affect LD protein targeting and function. Embedded in the monolayer that surrounds the LD neutral lipid (NL) core are proteins, such as perilipins (65) and adipose differentiation-related protein (ADRP) (16, 41) , that coat the LD surface and lipids such as cholesterol (4, 80) that help to define the LD structure. Perilipin and ADRP are two members of the PAT [perilipin, ADRP, tail-interacting protein 47 (TIP47)] family from the Plin group of genes (56) that were initially thought to act simply as barriers to protect the NL core against lipolytic action (63, 65) . Current evidence suggests a more complex mechanism, one that requires coordination of perilipin with several lipases, including adipose triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), and the activator molecule comparative gene identification-58 (CGI-58), a protein with no lipolytic activity that increases ATGL activity to promote triacylglyerol hydrolysis (11, 14, 44) . Perilipin and HSL upon hormonal stimulation are phosphorylated, causing HSL to translocate to the LD surface and perilipin to release CGI-58, which can then activate ATGL (105) . Both lipases then work in concert to hydrolyze triacylglyerols stored in the LD NL core. Although it not known how lipases on the LD surface gain access to core lipids, studies with mice deficient in AGTL and HSL revealed that the primary lipase responsible for triacylglyerol metabolism was AGTL, whereas HSL was key to diacylglycerol hydrolysis (91) . In the final step, monoacylglycerol lipase (MAGL) releases the last of the three fatty acid molecules and glycerol (3, 61) . Despite a greater understanding of the molecular details regarding triacylglyerol hydrolysis, the influence of the LD phospholipid monolayer in regulating lipolysis remains largely unknown.
Apart from the surface coat proteins (perilipins, ADRP) and lipolytic enzymes (HSL, AGTL), other proteins associate with LD, including those involved in lipid synthesis, signaling, and membrane trafficking (13, 35, 64) . Surprisingly, caveolins and flotillin, proteins commonly found in plasma membrane caveolae, were also detected (13, 34, 35, 64, 75, 76, 81) . The presence of these proteins, along with cholesterol (9, 80) and sphingomyelin (48, 53, 57, 68, 101) in the LD phospholipid monolayer, gives rise to the hypothesis that localized areas may exist within the LD monolayer that on the basis of membrane structure attract proteins involved in lipolysis, much like the highly organized areas within the plasma membrane where lipid uptake/efflux occurs (18, 30, 62, 79) . The affinity of cholesterol for sphingolipids represents a driving force for selective recruitment and sequestering of proteins of similar function (18) . In the plasma membrane, cellular processes such as fatty acid transport protein-mediated fatty acid uptake/efflux and scavenger receptor class B1 (SR-B1)-mediated cholesterol ester uptake/efflux to HDL are organized within highly rigid cholesterol-and sphingomyelin-enriched domains in caveolin-1 containing caveolae and/or lipid rafts (30, 62, 79) . Likewise, the presence of LD-organized domains represents a potential mechanism to describe protein-mediated lipid uptake/ efflux from the NL interior. Consistent with this, kinetic analysis of HDL-mediated {22-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-23,24-bisnor-5-cholen-3b-ol} (NBD-choles-terol) efflux from LD in living cells detected multiple sterol domains (9) . Efflux curves were best fit to a biexponential decay equation describing at least two cholesterol pools, the half-times of which were consistent with protein-(t 1/2 ϳ 1 min) and vesicular-mediated (t 1/2 ϭ 10 -20 min) sterol transfer. These results were similar to plasma membrane cholesterol distribution into multiple domains. The transbilayer distribution of cholesterol in the plasma membrane is asymmetric, with cholesterol enriched in the cytofacial leaflet (400%) vs. the exofacial leaflet (15, 52, 55, 88, 90) , and transbilayer movement of cholesterol across the plasma membrane appears fast (t 1/2 ϭ 1-6 min). However, most of the plasma membrane cholesterol is localized in lateral domains that are relatively inert in terms of transfer kinetics (t 1/2 ϭ hours to days). Although movement between such domains is slow, small pools of cholesterol associated with caveolae and enriched in caveolins and the HDL receptor SR-B1 were found to be highly dynamic (93) . Furthermore, sterol efflux from LD revealed multiple dynamic cholesterol domains, one of which was similar to the small, rapid pools found in the plasma membrane. In addition, kinetic analysis of HDL-mediated 6-{[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-hexanoyl} sphingosyl-phosphocholine (NBD-sphingomyelin) efflux from LD in living cells allowed resolution of multiple sphingomyelin pools, revealing a small, dynamic pool with a half-time of 11.8 min and another larger, relatively inert pool with a half-time on the order of hours to days (68) . A comparison of LD and plasma membrane sphingomyelin dynamic pools revealed that the LD pool was smaller with faster efflux kinetics. Taken together, these studies indicate that, like the plasma membrane, LD contain resolvable lipid pools that are available to facilitate protein-mediated lipid uptake/efflux from the NL interior.
To extend the earlier discovery of dynamic sterol and sphingomyelin LD pools (9, 68) , the investigation herein examined how the membrane characteristics of the LD phospholipid monolayer affected LD protein targeting and function. The present work demonstrates for the first time the following novel insights. Adipocyte LD proteins involved with lipolysis, including perilipins, HSL, and AGTL, target highly organized, rigid phospholipid membrane structures as observed by the higher cholesterol, phospholipid, and saturated phospholipid fatty acyl content in perilipin-enriched LD. Increased membrane rigidity in the phospholipid monolayer of perilipinenriched LD was further indicated by significantly higher fluorescence polarizations in the presence of DPH-TMA, NBD-labeled cholesterol, and sphingomyelin. Moreover, radiolabeled lipolysis assays confirmed function. In all, these results indicate that perilipin and lipolytic LD proteins associate with highly organized, rigid membrane structures similar to those found in caveolin/cholesterol-rich regions within the plasma membrane wherein cholesterol and fatty acid uptake/ efflux occur. These results point to an active role for the LD phospholipid monolayer in regulating lipid storage through protein and lipid membrane interactions.
MATERIALS AND METHODS

Materials.
Lipid standards were purchased from Nu-Chek Prep, (Elysian, MN) and Avanti (Alabasta, AL). Silica Gel G and Silica Gel 60 thin-layer chromatography (TLC) plates were from Analtech (Newark, DE) and EM Industries (Darmstadt, Germany), respectively.
Concanavalin-A (ConA) sepharose resin was purchased from Pharmacia (Piscataway, NJ). Rabbit polyclonal antiserum to ADRP and TIP47 was prepared in house, as described (8) . Rabbit anti-perilipin, anti-CD-14, and anti-G s␣ were purchased from Abcam (Cambridge, MA). Rabbit anti-cytochrome c oxidase was purchased from Sigma (St. Louis, MO). Rabbit polyclonal anti-sera to caveolins and flotillin were purchased from BD Transduction Laboratories (Palo Alto, CA). Rabbit anti-H-Ras and anti-Smad7 were purchased from Santa Cruz Biotechnology, (Santa Cruz, CA). Rabbit anti-Na ϩ ,K ϩ -ATPase was purchased from Novus Biologicals (Littleton, CO). Rabbit anti-transferrin receptor (CD71) was purchased from Zymed Laboratory (San Francisco, CA). The following were obtained from Molecular Probes (Eugene, OR): 1,6-diphyenyl-1,3,5-hexatrienyl-trimethylammonium (DPH-TMA), NBD-sphingomyelin, and NBD-cholesterol. All reagents and solvents used were of the highest grade available and were cell culture tested.
Animals. Male (8 -12 wk old) inbred C57BL/6NCr mice used for adipocyte isolations were obtained from the National Cancer Institute (Frederick Cancer Research and Developmental Center). Mice were maintained on a standard rodent chow mix (5% calories from fat) and kept under a 12:12-h light-dark cycle in a temperature-controlled facility (25°C) with access to food and water ad libitum. Animal protocols were approved by the Institutional Animal Care and Use Committees at Texas A & M University and Michigan State University.
Isolation and resolution of adipocyte LD. Mouse adipocytes were isolated from the epididymal fat pads of C57BL/6NCr mice, as described (21, 85) . Briefly, mice (3-4 per isolation) were euthanized by CO 2 asphyxiation, and the fat pads were removed and minced in HBSS buffer, followed by collagenase (type II; Sigma) digestion for 1 h at 37°C in a 400-rpm shaker. Floating fat cells, liberated from the tissue by gentle shaking, were filtered twice through sterile surgical gauze and washed two times with buffer. The cells were allowed to rest at 37°C for 30 min before the infranatant was removed from under the floating adipocyte layer with a sterile syringe. The remaining adipocytes were then prepared for organelle (LD, plasma membrane, and mitochondria) isolation. Adipocytes were placed in a N2 Bomb Cell Disrupter (Parr Instrument, Moline, IL) under 40 psi of N2 for 13 min, followed by separation on 30% Percoll in sucrose/Tris buffer by centrifuging at 70,000 g for 1 h. The adipocyte LD formed a distinct, white band on the surface of the Percoll preparation and was identified by Western blotting with known LD protein markers (ADRP, perilipin, TIP47). The plasma membrane fraction (located at the interphase between the Percoll and sample layer) and the mitochondrial fraction (located below the plasma membrane fraction) were identified by screening all of the visible protein bands separated by Percoll for presence of plasma membrane (transferrin receptor, Na ϩ ,K ϩ -ATPase) and mitochondrial (cytochrome c oxidase) protein markers. Next, isolated LD were applied to a ConA sepharose affinity chromatography column. The ConA method, used previously to isolate caveolinrich plasma membrane fractions (7, 38, 87, 98) , allowed separation of two pools of LD, one enriched in perilipin and lipolytic proteins and the other enriched in ADRP and TIP47 based on the high affinity of caveolin-1/caveolae for the ConA protein (5, 7, 38, 87, 97, 98) and the strong interaction between caveolin-1 and perilipin (23, 83) . In brief, isolated LD were applied to a ConA sepharose column equilibrated in buffer X (10 mM HEPES, pH 7.4, 140 mM KCL, 1 mM MgCl2, and 1 mM MnCl2) after a brief pulse with a Fisher 550 Sonic Dismembrator (Fisher Scientific, Pittsburgh, PA) to limit LD aggregation and increase binding. Prior to loading, intact LD were sized visually by light microscopy to confirm membrane integrity. The sample and resin were bubbled under N2 for 5 min at 4°C to allow thorough mixing and maximum interaction. The column was washed under bubbling N2 and fractions collected until the absorbance280 was close to zero. LD fractions designated as "nonbinding" were enriched in ADRP and TIP47. The column was then washed under bubbling N2 with buffer Y (buffer X plus 0.75 M ␣-methylmannoside) to elute bound proteins and lipids. Fractions were collected at 4°C until the absorbance280 leveled off close to zero. ConA-resolved LD fractions enriched in perilipin, caveolins, and LD lipolytic proteins were designated as "perilipin-enriched" LD. The two fractions were pooled separately and concentrated with Amicon Ultra-15 centrifuge filters (Ultracel 10K; Millipore, Billerica, MA) as indicated by the manufacturer.
Western blot analysis. The purity and degree of contamination of adipocyte LD, plasma membrane, and mitochondrial fractions was assessed by the presence or absence of protein markers. Since a subset of plasma membrane proteins (caveolins, flotillin) is typically found in LD, as reported previously (34, 64, 75) , the process of assessing enrichment was somewhat complicated. However, the absence of other plasma membrane-associated proteins, including transferrin receptor, Na ϩ ,K ϩ -ATPase, CD-14, H-Ras, Gs␣, and Smad7, showed that LD fractions were free from plasma membrane proteins that do not normally associate with LD. Expression of proteins found in adipocyte LD (ADRP, perilipins, TIP47), mitochondria (cytochrome c oxidase), plasma membrane (caveolins 1 and 2, flotillin, CD-14, H-Ras, Na ϩ ,K ϩ -ATPase, Gs␣, Smad7, transferrin), and ConA-resolved LD fractions was determined by Western blot analysis, as described (5) . Briefly, samples (5-10 g of protein) were loaded onto tricine gels (12%). Gels were run on a Mini-Protean II cell (Bio-Rad Laboratories, Hercules, CA) system at 100 V of constant voltage for ϳ1.5-2 h (30 mA/gel initially). Proteins were electrophoretically transferred to nitrocellulose membranes (Bio-Rad Laboratories) by applying a 100-V constant voltage for 2 h. After transfer, the blots were stained with Ponceau (46), a reversible protein stain that allowed estimation of protein loading (86) . Next, the blots were blocked in 3% gelatin in Tris-buffered saline-Tween 20 (TBST; 10 mM Tris·HCl, pH 8, 100 mM NaCl, and 0.05% Tween-20) for 1 h at room temperature and then washed twice with TBST, followed by overnight incubation with primary antibodies in 1% gelatin in TBST at the following dilutions: 1:250 (anti-flotillin), 1:500 (anti-caveolins), or 1:1,000 (anti-ADRP, anti-perilipin, anti-TIP47, anti-cytochrome c oxidase, anti-CD-14, anti-H-Ras, anti-Na ϩ ,K ϩ -ATPase, anti-G␣s, anti-Smad7, anti-transferrin receptor). The blot was washed three times with TBST and incubated for 2 h at room temperature with the appropriate secondary antibody (alkaline phosphatase conjugates of goat antirabbit IgG) diluted 1:4,500 in 1% gelatin TBST. Three more TBST washes were performed, and the bands of interest were visualized by development with Sigma Fast 5-bromo-4-chloro-3-indolyl phosphate/ nitro blue tetrazolim tablets (Sigma) according to the manufacturer's protocol. Images of each blot were acquired using a single-chip charge-coupled device video camera and a computer work station (IS-500 system from Alpha Innotech, San Leandro, CA). Densitometric analysis of image files was performed (mean 8-bit grayscale density) using National Institutes of Health Image J software, available by anonymous FTP from zippy (http://rsbweb.nih.gov/ij/index. html), to obtain relative levels of the respective proteins detected in each fraction. Relative protein levels were expressed as integrated density values or as fold differences between samples.
Coimmunoprecipitation experiments. Binding LD fractions were immunoprecipitated with antibodies specific for either perilipin (Abcam, Cambridge, MA) or caveolin (BD Transduction Laboratories) using the Catch and Release version 2.0 system from Millipore and then immunoblotted for caveolin or perilipin, respectively. The unfractionated LD were similarly immunoprecipitated with antibodies specific for either caveolin or ADRP (prepared in house as described in Ref. 8 ) and immunoblotted for ADRP or caveolin, respectively. A negative control (rabbit IgG) was used to assess nonspecific binding.
Lipid mass determination. Lipids from adipocyte LD and ConAresolved LD fractions were extracted and resolved into individual lipid classes [cholesterol, phospholipid (PL), fatty acids (FA), cholesteryl esters (CE), triacylglycerols (TG)], as described (6) . In brief, samples were extracted with n-hexane-2-propanol 3:2 (vol/vol), spotted onto Silica gel G TLC plates, and developed in petroleum ether-diethyl ether-methanol-acetic acid (90:7:2:0.5, vol/vol/vol/vol). NL content, including total cholesterol, TG, free FAs, and CE, was determined by the method of Marzo et al. (66) . Total PL, including sphingomyelin (SM), phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), and phosphatidylserine (PS), were scraped from the Silica gel G TLC plates and eluted using chloroform-methanol-HCl (100:50:0.375, vol/vol/vol). PL samples were dried under N2 and resuspended in chloroform. One-half of each sample was used for PL FA mass analysis and one-half was applied to Silica gel 60 TLC plates to resolve individual phospholipids using chloroform-methanol-water-acetic acid (150:112.5:6:10.5, vol/vol/ vol/vol). PL spots were visualized (iodine vapor), identified by comparison to known standards, and quantitated densitometrically as described previously (5, 29) . Protein concentration was determined by the method of Bradford from the dried protein extract residue digested overnight in 0.2 M KOH (12). Lipids were stored under an atmosphere of N 2 to limit oxidation, and all glassware was washed with sulfuric acid-chromate before use.
PL and TG FA distribution. One-half of the PL extract described above was used for PL FA mass analysis by converting the lipid acyl chains to FA methyl esters (FAME) in an acid-catalyzed transesterification reaction. For TG FA mass analysis, the lipid acyl chains were converted to FAME using a base-catalyzed saponification with 1 M KOH in methanol, as described (4, 71) . Individual FAME species were resolved according to chain length and unsaturation by gas chromatography linked to mass spectrometry (GC-MS) using a RTX-2330 capillary column (0.25 mm id ϫ 30 m; Restek, West Chester, PA) on a Thermo-Finnigan Trace DSQ single quadrupole mass spectrometer (Thermo Electron, Austin, TX) with electron impact and chemical ionization sources. Injector and detector temperatures were set at 240°C with the temperature program of 100°C for 1 min, 10°C/min to 140°C, and then 2°C/min to 220°C, hold 1 min, then ramp at 20°C/min to 240°C. Individual peaks were identified by comparison to known FAME standards (NuChek, Elysian, MN) and referenced against a set concentration of C15:0. Sample identity was confirmed by GC-MS using the Trace DSQ single quadrupole in chemical ionization mode.
TG metabolism. To determine whether LD resolved by ConA chromatography were functionally active, lipase activity was measured. The extent of TG hydrolysis was determined following a modified protocol (49, 50) by measuring the disappearance of [9, H(N)]triolein (PerkinElmer, Waltham, MA). In brief, aliquots (4 g) of each fraction were dissolved separately in PBS (pH 7.2, 250 l) before addition to the reaction mix {250 l of 1.1 pmol of 91.0 Ci/mmol [9, H(N)]triolein and 0.120 mmol EDTA} to start the reaction. After 30 min at room temperature, the reaction was stopped by adding 10 volumes of hexane-isopropanol (3:2, vol/vol). This step was repeated once, followed by centrifugation at 1,000 rpm for 10 min to remove proteins. The extracted lipids were pooled and dried under nitrogen, and TG were resolved by TLC using silica gel G plates (Analtech) developed with a petroleum ether-diethyl ether-methanolglacial acetic acid (180:14:4:1, vol/vol/vol/vol) solvent system. The radiolabeled TG spots from each reaction were scrapped, dissolved in ScintiSafe Gel (Thermo Fisher Scientific), and counted for radioactivity using a Tri-carb 1600 TR liquid scintillation analyzer (Packard Instrument, Meriden, CT). Postextraction protein samples were dried overnight and dissolved in 0.2 M KOH. The protein content in the samples was quantified by the method of Bradford (12) . To determine the lipase activity in each LD fraction, values were determined as disintegrations per minute per milligram total protein Ϯ SE based on average values derived from three to five replicate reactions and were reported as percent triacylglyerol remaining after 30 min of incubation.
PL membrane structure of adipocyte fractions. The PL membrane surface fluidity of adipocyte LD, plasma membrane, and ConAresolved LD fractions was examined by studying the incorporation of select fluorescent probes (DPH-TMA, NBD-cholesterol, and NBDsphingomyelin), as described (38 -40) . Stock solutions of the probes were prepared in anhydrous ethanol, with 2% wt/vol butylated hydroxytoluene added as an antioxidant. In brief, an aliquot (5 g/ml protein of 10 nM PIPES buffer, pH 7.4) of each adipocyte fraction was incubated at 37°C with a small amount of fluorescent probe (protein/fluorophore ratio ϭ 1,000 g of protein-1 g of fluorophore). The final ethanol concentration was kept Ͻ25 M, well below that which would perturb membrane structure, lipid distribution, and fluidity, induce artifacts (sterol self-aggregation/crystallization) in membrane fractions, or disrupt protein/lipid interactions (38) . Maximal probe incorporation was assured by incubation for 15 min at 37°C. Steady-state fluorescence polarization was acquired with a Varian Carey Eclipse spectrofluorometer (Palo Alto, CA) in the L format (38 -40) . Polarization data were corrected for residual light scatter by converting polarization to anisotropy [r ϭ 2P/(3-P)] and subtracting residual fluorescence anisotropy from all measurements. To avoid inner filter effects, the absorbance of each sample (fluorescent probe ϩ sample) at the wavelength of excitation for each probe was maintained Ͻ0. 15 .
Statistics. All values were expressed as means Ϯ SE. Statistical analysis was performed using analysis of variance combined with the Newman-Keuls multiple comparisons test or the Student t-test where appropriate (GraphPad Prism, San Diego, CA). Values with P Ͻ 0.05 were considered statistically significant.
RESULTS
Adipocyte LD and plasma membrane isolation. LD and plasma membrane fractions were isolated as indicated in MATERIALS AND METHODS from adipocytes derived from the epididymal fat pads of C57BL/6NCr mice, using a previously established protocol (21, 85) . Approximately 18 mg of adipocyte LD and 1.2 mg of plasma membrane proteins were obtained per 67 mg of adipocyte homogenate protein (Table 1) . LD and plasma membrane fractions accounted for 27 and 1.8%, respectively, of total protein in the adipocyte homogenate, in keeping with the large commitment of adipocytes to LD proteins and lipids. Western blot analysis was performed to determine the distribution of proteins in LD, plasma membrane, and mitochondrial fractions by examining the expression of protein markers for LD (perilipin, ADRP, TIP47), mitochondria (cytochrome c oxidase), and plasma membrane (CD-14, H-Ras, Na ϩ ,K ϩ -ATPase, G s ␣, Smad7, transferrin, caveolin-1, flotillin) in each fraction (Fig. 1) . As expected, the LD fraction was enriched severalfold in all LD markers (Fig. 1,  A-C, lane 3) where expression of perilipin, ADRP, and TIP47 was observed in adipocyte homogenate and LD fractions but not the plasma membrane. The relative purity of LD fractions was further determined based on the absence of the mitochondrial protein marker cytochrome c oxidase (Fig. 1D, lane 3) and the lack of the following plasma membrane-associated proteins: 1) caveolae/lipid domain proteins such as CD-14 (Fig. 1G, lane 3) (73) and H-Ras (Fig. 1H, lane 3) (77) ; 2) nonlipid domain plasma membrane proteins such as Na ϩ ,K ϩ -ATPase (Fig. 1I, lane 3 ) (29); 3) proteins found in lipid vesicles associated with the plasma membrane such as G s ␣ (Fig. 1J, lane 3) (2) and Smad7 (Fig. 1K, lane 3) (28) ; and 4) clathrin-dependent proteins such as transferrin receptor (Fig.  1L) (45) . Thus, isolated LD fractions were shown by Western blot analysis to be enriched severalfold in perilipin, ADRP, TIP47, and caveolin-1 yet free from mitochondrial and plasma membrane protein markers.
In addition, quantitative analysis of multiple Western blots was performed to reveal that levels of perilipin, ADRP, and Values represent means Ϯ SE; n ϭ 3 preparations from pooled adipocytes derived from 3-4 mice/preparation. LD, lipid droplet; PM, plasma membrane; ConA, concanavalin-A. Adipocyte homogenate, PM, LD, and ConA-resolved LD fractions were isolated as described in MATERIALS AND METHODS. TIP47 were increased 3.7-, 4.1-, and 2.6-fold, respectively, compared with the adipocyte homogenate ( Fig. 2A) . Since a small subset of plasma membrane proteins (caveolin-1, flotillin) has been found in LD (13, 34, 35, 64, 75, 76, 81) , enrichment of caveolin-1 and flotillin was also determined to show that caveolin-1 was enriched 1.6-fold compared with the homogenate (Fig. 2A) , with no fold enrichment observed for flotillin (data not shown). Isolated LD were then analyzed for lipid content, as described in MATERIALS AND METHODS. The mole percent composition of cholesterol and sphingomyelin represented 3.8 Ϯ 0.5 and 1.3 Ϯ 0.3% of total lipids, respectively (Fig. 2B ). In keeping with the lipidic nature of adipocyte LD, NLs such as TGs represented the majority lipid (84 Ϯ 8%), with only small amounts of CEs (0.4% Ϯ 0.1) observed. In addition, total PLs represented 8 Ϯ 1% of adipocyte LD, whereas free FAs were 4.2 Ϯ 0.8% of the total (Fig. 2B) . Since isolated plasma membrane and other organelles are composed of mostly cholesterol and PLs to ϳ75-90% of total lipid content (36, 37) , these results further confirmed that the LD preparations were highly enriched and relatively free from contaminants from other organelles.
ConA sepharose affinity chromatography resolution of adipocyte LD fractions. Isolated LD were passed over ConA sepharose affinity resin to yield two LD fractions (Supplemental Fig. S1 ; Supplemental Material for this article can be found online at the AJP-Endocrinology and Metabolism web site). The nonbinding LD fraction, enriched in ADRP and TIP47, was collected as flow through, whereas the perilipin-enriched LD fraction was eluted with buffer containing the displacing sugar ␣-methylmannoside. Approximately 18 mg of adipocyte LD protein was applied to the column. The nonbinding LD fraction, washed from the ConA resin within the first 100 ml of buffer, contained ϳ14 mg protein, representing 88 Ϯ 2% of LD and 23 Ϯ 3% of adipocyte homogenate protein ( Table 1) . The perilipin-enriched LD fraction contained ϳ1.9 mg protein, representing ϳ12 Ϯ 3% of LD and 2.8 Ϯ 0.7% of adipocyte homogenate protein (Table 1) . Western blot analysis performed on LD resolved by ConA revealed that, among the PAT family of proteins, perilipin was primarily in the fraction bound to the resin (Fig. 3A) , whereas ADRP (Fig. 3B) and TIP47 (Fig. 3C ) partitioned mostly to the nonbinding LD fraction. Based on these results, LD retained on the ConA resin and later eluted were designated "perilipin-enriched LD." As expected from previous work (6, 7, 38, 97) , caveolin-1 (Fig. 3D, lane 3) and flotillin (Fig. 3E, lane 3) were found primarily in the perilipinenriched LD fraction. Next, coimmunoprecipitation experiments were performed to confirm the close association of bound proteins such as caveolin and perilipin and lack of interaction between bound (caveolin) and nonbound (ADRP) proteins, in keeping with the separation observed with the ConA procedure. Immunoprecipitation of the perilipin-enriched LD fraction with an antibody for perilipin pulled down a 20-kDa protein that was immunoreactive with a caveolin antibody in an immunoblot assay (Fig. 4A) . These results verified the presence of perilipin and caveolin in the perilipinenriched LD fraction and indicated a close association between the two proteins. Reverse immunoprecipitation experiments (Fig. 4B) , where caveolin was immunoprecipitated from the perilipin-enriched LD fraction and immunoblotted for perilipin, confirmed the interaction. These results suggested that select proteins in the bound LD fraction were in close associ- ation and potentially colocalized on the same LD. It was also important to assess whether the nonbound LD fraction represented a physiologically discrete component of the LD population. Therefore, coimmunoprecipitated experiments were performed on unfractionated LD to determine whether ConAbound and nonbound proteins associated with each other prior to the ConA procedure. Immunoprecipitation of unfractionated LD with an antibody for ADRP was not able to pull down a 20-kDa protein representing caveolin (Fig. 4C) . A similar lack of results was found in the reverse experiment where caveolin was not able to pull down ADRP (Fig. 4D) . These results indicated that little to no interaction occurred between the ConA-bound protein caveolin and nonbound ADRP and further validated the separation process.
Since the perilipin-enriched LD fraction contained perilipin, it was essential to determine whether LD proteins associated with lipolysis such as HSL, ATGL, and CG-I58 coeluted with perilipin. HSL (Fig. 3F) and ATGL (Fig. 3G) were found primarily in the perilipin-enriched LD fraction, whereas CGI-58 (Fig. 3H) was not retained on the ConA resin. Since hydrolysis of TGs is a primary function of ATGL and HSL, the lipase activities of the isolated adipocyte LD and ConAresolved fractions were determined by measuring the disappearance of [9, H(N)]triolein, as described in MATERIALS AND METHODS. After 30 min, isolated adipocyte LD retained 31 Ϯ 3% of the labeled TG (Fig. 5B) . In contrast, 93 Ϯ 25% of the radiolabeled triolein was left in the nonbinding samples, indicating little to no lipase activity. The highest lipase activity was observed with the perilipin-enriched LD fraction, as seen by the small amount of triolein remaining (3 Ϯ 0.8%) at the end of the experiment (Fig. 5B) . It should be noted that, although ATGL requires the presence of CGI-58 for full activation, the lipase was still active under conditions without CGI-58, when similar assays were performed. Results from the labeled studies were consistent with the relative enrichment of ATGL and HSL in the perilipin-enriched LD fraction, where quantitative analysis of multiple Western blots revealed a 4.7-and 2.6-fold increase in levels of ATGL and HSL, respectively, compared with adipocyte LD before ConA resolution (Fig. 5A) . Likewise, the lack of lipase activity closely approximated the little to no ATGL and HSL expression observed in the nonbinding LD fractions. In contrast, CGI-58 was not retained on the ConA resin, in keeping with studies suggesting that differential binding between lipases and their coactivators may regulate function and mobilization (43, 44) .
In summary, adipocyte LD were resolved by ConA sepharose affinity chromatography into two different LD populations. The perilipin-enriched LD fraction contained perilipin and caveolin along with several lipolytic proteins, including ATGL and HSL, and exhibited high lipase activity. In contrast, the nonbinding fraction contained ADRP and TIP47 and had little to no lipase activity, reflecting the lack of ATGL and HSL in these fractions.
Distribution of lipid markers in adipocyte LD fractions resolved by ConA affinity chromatography. Because adipocytes are lipid storage cells and contain a large volume of lipids, especially TGs, it was essential to examine the lipid distribution in the different ConA-resolved LD fractions. Therefore, total lipids were extracted and analyzed as described in MATERIALS AND METHODS. Compared with the nonbinding LD fraction, levels of cholesterol, PLs, and NLs in the perilipin-enriched LD fraction (normalized to total protein) were increased severalfold, with a 6.8-, 2.2-, and 6.2-fold increase observed, respectively (Fig. 6A) . The molar ratio of cholesterol to PL was also significantly increased threefold, reflecting the high PL, and more so cholesterol, content in the perilipin-enriched LD fraction (Fig. 6B) . The ratio of surface lipids (cholesterol, PLs) to NLs (CEs, TGs) was next determined to show a 1.8-fold increase in the nonbinding LD fraction (Fig. 6B) . These results reflected the high TG content associated with the perilipin-enriched LD fraction. Moreover, because total PLs were increased in the perilipin-enriched LD fraction, it became necessary to examine levels of individual PL classes (Fig. 7) . Levels (nmol/mg protein) of SM, PC, and PI were 2.4-, 4.2-, and 2.1-fold higher, respectively, in the perilipin-enriched LD fractions (P Ͻ 0.04, n ϭ 4 -7; Fig. 7 ). In addition, levels of PE exhibited a trend toward increasing in the perilipin-enriched fractions with phosphatidic acid just below the level of detection and not separable from PE (Fig. 7) .
PL and TG fatty acyl composition of adipocyte LD and ConA-resolved LD fractions. Based on studies with model and biological membranes, cholesterol-enriched areas within the plasma membrane are regions with increased rigidity due to the ability of cholesterol to pack tightly with PL FA chains, especially saturated FAs (47, 95) . Since it was evident from the previous section that the perilipin-enriched, ConA-binding LD fractions were enriched in several PLs, it became necessary to determine the saturation and individual PL FA content in these fractions. Therefore, total PLs were separated by TLC and converted into FAME, as described in MATERIALS AND METHODS. The mole (%) of esterified PL FAs in both LD fractions was determined as shown in Table 2 . Compared with nonbinding LD fractions, levels of unsaturated FAs and monounsaturated FAs were decreased significantly (P Ͻ 0.05, n ϭ 3-4) in the perilipin-enriched LD fractions (Table 2) . Differences reflected significant decreases in C20:2 (1.5-fold), C22:4 (1.4-fold), and C22:6 (1.7-fold). In contrast, saturated FAs exhibited an increase that did not reach significance in the adipocyte perilipinenriched LD fractions, due mainly to increases observed in C16:0, C18:0, and C20:0 ( Table 2 ). The ratios of the individual groups of saturated, unsaturated, monounsaturated, and polyunsaturated FAs were also examined as shown in Table 3 . The ratios of saturated to unsaturated FAs (Sat/Unsat) and saturated to monounsaturated FAs (Sat/MUFA) were 1.4-and 1.5-fold higher, respectively (P Ͻ 0.02, n ϭ 3-4), in adipocyte perilipin-enriched LD fractions compared with the nonbinding LD fraction. Similar results were observed when the perilipinenriched LD fraction was compared with the LD from which it was derived (Table 3 ). Since unsaturation in the fatty acyl chains increases rotational mobility (fluidity) upon insertion of the first double bond (27, 54, 100) , enrichment of saturated FAs and depletion of unsaturated FA and monounsaturated FAs, along with increased cholesterol and sphingolipid content in the perilipin-enriched LD fraction, suggested increased lipid order (rigidity) in the PL monolayer.
Because adipocytes represent important reservoirs of TGs and FAs, the TG fatty acyl composition was also determined for each ConA-resolved LD fraction. Total TGs were resolved Values are expressed as mole% and represent means Ϯ SE; n ϭ 3-4. FAME, fatty acid methyl esters; Unsat, unsaturated fatty acids; MUFA, monounsaturated fatty acids; Sat, saturated fatty acids; PUFA, polyunsaturated fatty acids. *Significance, P Յ 0.05 compared with nonbinding LD fractions.
from lipid extracts and converted into FAME, as described MATERIALS AND METHODS. In both fractions the major FA present was C16:0, representing a respective 44 Ϯ 9 and 52 Ϯ 8% of the total when expressed as mole% composition. The major TG FA groups were not significantly different between the two LD fractions, but levels of several unsaturated FAs were decreased significantly in the perilipin-enriched LD fraction, including C24:1, C20:2, C20:3, and C20:4, whereas C22:6 was increased (Table 2 ). It should be noted that the presence of C22:6 and other long-chain FAs has been found in the TG pool of adipose tissue, representing an active pool of FAs for use by the body (103, 104) . In the nonbinding LD, levels of the FAs were in the following order: C16:0 ϾϾ C18:1 Ͼ C18:0, C20:2 Ͼ C20:3, C20:4 Ͼ C22:1 Ͼ C18:3, with the rest Ͻ2% of the total. In the perilipinenriched LD fraction, FAs Ͼ2% were in the following order: C16:0 ϾϾ C18:0 Ͼ C18:2 Ͼ C18:1 Ͼ C16:1 ϾϾ C20:1, C18:3. These results were consistent with published values where levels of C16:0, C18:1, C18:0, and C18:3 represented the majority of FAs found in mouse adipose tissue (20, 72) .
Lipid fluidity of adipocyte LD and ConA-resolved LD fractions. Adipocyte LD and ConA-resolved LD fractions were treated with DPH-TMA, NBD-cholesterol, and NBD-sphingomyelin to examine the microenvironment of the probes in each LD fraction. Because of the presence of the cationic TMA group, DPH-TMA localizes to the outer leaflet of the plasma membrane bilayer (96) . In the LD molecule, the TMA group anchors the probe to the lipid monolayer, preventing internalization to the NL core. DPH-TMA fluorescence polarization in adipocyte perilipin-enriched LD fractions was significantly higher than in LD or nonbinding LD fractions, results that are consistent with the presence of more order (less fluidity) in the perilipin-enriched LD fraction (Table 3) . DPH-TMA fluorescence polarization in the adipocyte plasma membrane was comparable with that observed with the perilipin-enriched LD fraction, indicating that the environment the probe observed was of similar rigidity. The sterol and PL environment in the adipocyte LD fractions was next probed using NBD-labeled cholesterol and sphingomyelin as described (38, 40, 69, 89) . Fluorescence polarizations of NBDcholesterol and NBD-sphingomyelin were both significantly higher in the perilipin-enriched LD fraction compared with the nonbinding LD fraction (Table 3) . Moreover, the fluidity of the plasma membrane fractions labeled with NBD-cholesterol and sphingomyelin was similar to that observed with perilipinenriched LD fraction, indicating that both were in a less fluid state compared with the nonbinding LD fractions (Table 3) . These results were in close agreement with the increased cholesterol/PL, Sat/Unsat, and Sat/MUFA ratios observed in the perilipin-enriched LD fractions, again suggesting that the LD PL monolayer associated with these fractions contained more ordered, rigid structures than that observed with the adipocyte LD or nonbinding LD fractions (Table 3 ). In summary, the results from the fluorescent polarization experiments revealed substantial differences in the microenvironment of PL monolayers containing different LD proteins.
DISCUSSION
Despite growing interest in understanding the molecular mechanisms governing lipid storage in adipocyte LD, major questions remain unanswered regarding the influence of the LD phospholipid membrane structure on LD protein targeting and function. Excessive adipocyte lipid storage can result in obesity (82, 94) and promote cardiovascular disease (17, 32, 92) , diabetes (67) , and several lipid disorders, including neutral lipid storage disease (51) . Under normal conditions, cells utilize lipids stored within LD for energy by oxidizing the fatty acids stored as triacylglycerols, for membrane synthesis using stored phospholipids and cholesterol, and in steroidogenesis using cholesterol and cholesteryl esters (4, 22, 51, 65) . Thus, the importance of regulating and maintaining normal cellular lipid levels is clear, yet relatively little is known about how protein/lipid interactions on the LD surface influence lipid uptake/efflux from the neutral lipid interior core. Even less is known about how changes in the LD phospholipid hemimembrane with respect to membrane fluidity, lipid composition, and lipid order may affect LD protein targeting and function.
To begin to address these issues, a ConA sepharose affinity chromatography method (5, 7, 38, 87, 97, 98) was employed to isolate two populations of adipocyte LD: 1) functionally active LD containing perilipin and caveolin-1, along with several lipolytic proteins, including ATGL and HSL, that by structure and organization closely resembled the adipocyte PM; and 2) LD enriched in ADRP and TIP47 that exhibited little to no lipase activity. The selectivity of the ConA resin for caveolin that allowed resolution of two LD fractions was based on the specificity of the ConA protein for certain glycolipids and glycoproteins associated with caveolae, caveolin/cholesterol- enriched areas of the plasma membrane (5, 7, 38, 87, 97, 98) . Carbohydrate receptor structures, including simple sugars and oligosaccharides with a D-manno-or D-glucopyranoside configuration and glycopeptides with a core structure of Man␣1 ¡ 3[Man␣1 ¡ 6]Man␤1 ¡ 4GlcNAc␤1 ¡ 4GlcNAc ¡ Asn (10) , are present in several proteins and lipids, including SR-B1 and glucosylceramides (7) , that are found in caveolinenriched caveolae plasma membranes. The observed selective partitioning of perilipin with caveolins was reported previously (23, 83) . Likewise, ADRP and TIP47 have been shown to reside on LD of the same size and location in the cell (23, 83) . In the present study, coimmunoprecipitation experiments confirmed the close association between perilipin and caveolin in the perilipin-enriched LD fraction and suggested that the proteins could colocalize on the same LD. The validity of the ConA isolation method was assessed further by performing coimmunoprecipitation experiments on unfractionated LD to determine whether ConA-bound proteins (caveolin) interacted with nonbound proteins (ADRP) prior to the ConA procedure. No evidence of interaction between bound caveolin and nonbound ADRP was found, in keeping with results from the ConA separation process and suggesting that the nonbound LD represented a physiologically distinct fraction of LD. It should be noted that a small population of perilipin (perilipin B) was found recently in a specialized subgroup of plasma membrane caveolin-containing caveolae that was the site of exogenous fatty acid uptake and fatty acid conversion to triacylglyerol (1, 74) . In other experiments, results from freeze-fracture immunogold labeling experiments with adipocytes and macrophages revealed that PAT family members not only localized around and in the LD core, but under conditions of LD formation, these proteins became organized into plasma membrane clusters or domains, in close contact with underlying LD (84) . On the basis of these results it was suggested that a plasma membrane/LD interface would facilitate rapid shuttling of lipids from the plasma membrane to the LD for storage or usage as necessary (84) . In the present study, PAT proteins were not found in the plasma membrane, but selective partitioning on the ConA resin led to two LD populations, one enriched in perilipin and caveolin (designated as the perilipinenriched LD fraction) that closely resembled the adipocyte plasma membrane over several parameters and the other containing ADRP and TIP47 (designated as nonbinding). Both populations were examined further to reveal the following novel insights.
Based on protein content and enzyme activity, the perilipinenriched LD represented a small pool of lipolytically active adipocyte LD containing 12% of total LD protein. Proteins retained on the ConA resin included enzymes involved in LD lipolysis such as perilipin, ATGL, and HSL. The fact that the lipolytically active pool was a small percentage of the whole may be based on the fact that the mice the LD were isolated from were not fasted or overfed. It should be expected that the percentage of lipolytically active LD would vary under conditions of fasting or overfeeding given the proclivity of adipocytes to readily adapt to the changing energy requirements of the cell and body. Moreover, despite the relatively decreased protein content of the perilipin-enriched LD pool, the lipase active fraction was lipid rich, with a 4.6-fold increase in total lipids, reflecting the large amount of triacylglyerols associated with this fraction. These results were in contrast to similar studies with fibroblasts (7) and primary cultured hepatocytes (6) , where ϳ30% of total plasma membrane protein and 60% total lipids were found in caveolin-enriched, ConA-Binding fractions. Thus, the lipolytically active perilipin-enriched LD fraction contained fewer proteins yet more total lipids than observed in similar fractions isolated from the plasma membrane, a reflection of the different cellular functions for LD (storage) vs. plasma membrane (structure).
The lipid content of the perilipin-enriched LD was increased significantly in levels of cholesterol, suggesting that surface lipids (phospholipids, cholesterol) in the monolayer membrane of the perilipin-enriched LD were in a more rigid environment. Moreover, surface lipid (cholesterol, phospholipids) to neutral lipid (triacylglyerols, cholesteryl ester) ratios were decreased significantly. Using a simple model of the LD as a sphere with a uniformly smooth surface, the surface area of the LD phospholipid monolayer can be described by the lipids in the phospholipid monolayer (cholesterol, phospholipids), whereas the LD volume can be defined essentially by the neutral lipids in the LD interior core (triacylglyerols, cholesteryl esters) such that the ratio of surface lipids to neutral lipids also represents the ratio of surface area to volume (SA/vol) if surface and volume effects of intercalated proteins are neglected. Despite the potential loss of lipids, especially triacylglyerols, during the isolation process, the decrease in the SA/vol ratio corroborated results showing that the lipid-rich, protein-poor, perilipinenriched LD exhibited significantly increased cholesterol/ phospholipid ratios. Moreover, the selective and consistent partitioning of perilipins and functional lipases to a membrane monolayer of specific lipid composition with more tightly packed lipids and/or less protein intercalation was highly suggestive of the membrane domains that would be found surrounding these proteins, enabling their stability and specific function in LD. It should be noted that the driving force for tight packing between cholesterol and phospholipids (especially sphingolipids) in membranes is derived from the preferential partitioning of cholesterol with phospholipid saturated fatty acyl chains (78, 89) . As a result, increased incorporation of cholesterol and phospholipids with saturated fatty acids is associated with increased lipid order, such as is found in plasma membrane lipid domains (99) . In keeping with this, levels of total phospholipid unsaturated fatty acids and monounsaturated fatty acids were significantly lower in perilipinenriched LD fractions due primarily to decreased levels of the following fatty acids: C16:1, C18:1, C20:2 and C22:4, and C22:6. Based on studies with model and biological membranes, rigidity of the lipid bilayer depends not only on cholesterol content but also upon the saturation level of the phospholipid fatty acyl chain (47, 95) . The ability of cholesterol to pack tightly with phospholipid unsaturated fatty acyl chains diminishes with each double bond addition due to the kinked conformation found in polyunsaturated fatty acid chains with the largest decrease in lipid order (rigidity) experienced upon insertion of the first double bond and subsequent additions showing less change (reviewed in Refs. 27, 54, 89, and 100). It should be noted that although changes in the levels of individual saturated fatty acids were small, levels were increased significantly in the perilipin-enriched LD fraction and contributed to the overall increased membrane rigidity observed in the phospholipid monolayer. In contrast, although several individual polyunsaturated fatty acids exhibited greater changes and were decreased in the perilipin-enriched LD fraction, the mole% of total PUFA was not significantly different from the nonbinding LD fraction. Consequently, as a result of significantly decreased levels of unsaturated and monounsaturated phospholipid fatty acids, the perilipin-enriched LD exhibited higher saturated fatty acid to unsaturated fatty acid and saturated fatty acid to monounsaturated fatty acid ratios. The triacylglyerol fatty acyl composition of both ConAresolved LD was also determined, but although it was established that both LD fractions were significant reservoirs of C16:0, C18:1, C18:0, and C18:3, in keeping with literature on mouse adipose tissue (20, 72) , no consistent trend was otherwise observed. Taken together, these results indicated an increased rigidity or higher lipid order in the phospholipid monolayer found in perilipin-enriched LD (60) . It was also noteworthy that levels of several phospholipids such as SM, PC, and PI were significantly enriched in the perilipin-enriched LD fraction, with little to no differences observed in PE or PS levels compared with nonbinding LD fractions. Thus, in the perilipin-enriched LD, the ratio of anionic/neutral zwitterionic phospholipids [i.e., (PS ϩ PI)/(PC ϩ PE ϩ SM)] was more than twofold lower than in the nonbinding LD population. Since zwitterionic phospholipids, including PC and SM, are typically enriched in the exofacial leaflet of the plasma membrane bilayer, whereas PE and anionic phospholipids such as PS, PI, and PA populate the cytofacial leaflet (24, 25) , these results indicated that the LD phospholipid monolayer associated with the perilipin-enriched LD most closely resembled the exofacial leaflet of the plasma membrane bilayer.
Polarization studies were performed to examine the sterol and phospholipid environment of the phospholipid monolayer in LD resolved by ConA. Membrane fluidity was assessed by measuring the fluorescence polarizations of NBD-cholesterol, NBD-sphingomyelin, and DPH-TMA to measure the motional freedom of lipids in the phospholipid monolayer of each LD pool. The use of NBD-labeled lipids was based on numerous studies in living cells (L cells, intestinal enterocytes, CaCo2 cells) that showed that the intracellular distribution, trafficking, binding, and metabolism of NBD-labeled lipids was similar to natural analogs (5, 9, 19, 26, 33, 38, 102) . With NBD-sphingomyelin, the probe did not undergo transbilayer movement (58, 59) but instead localized to the outer leaflet of the lipid bilayer. In similar fashion, DPH-TMA localized to the outer leaflet of the plasma membrane lipid bilayer due to the presence of the cationic TMA group (96) . However, although polarization assays allowed examination of changes in fluidity within the surface monolayer, performing time-resolved DPH fluorescence lifetime measurements to estimate rotational correlational times would also allow assessment of the phospholipid acyl chain order (31) . In the present work, the use of DPH as a probe in these studies would be problematic because it would intercalate deep within the triacylglyerol core wherein the bulk of the fluorescent signal lies, giving little information about the surface membrane monolayer. The ability of the probes to anchor to one leaflet of the lipid bilayer was important when working with the adipocyte LD phospholipid monolayers so that internalization to the neutral lipid core was minimized. Probes such as DPH that intercalated between the acyl chains of the plasma membrane lipid bilayer were not useful for this reason. With all three probes, higher fluorescent polarizations were found in the perilipin-enriched LD fraction compared with nonbinding LD fractions, indicating that the environment surrounding the probe was more restricted (more rigid). When these experiments were repeated with adipocyte plasma membrane, fluidity measurements were similar to those observed with the perilipin-enriched LD regardless of the probe used, suggesting that probes in the LD phospholipid monolayer and the plasma membrane lipid bilayer experienced similar microenvironments. Since the lipid bilayer of the plasma membrane is asymmetric with sphingomyelin residing mainly on the exofacial side, the cholesterol and phospholipid (sphingolipid)-enriched areas of the plasma membrane and LD present a similar lipid "face" to their external environment whether it is the extracellular (plasma membrane) or cytoplasmic (LD) face. This was important when considering the effect of plasma membrane and LD phospholipid membrane fluidity (rigidity) in lipid uptake/efflux into and throughout the cell. Similar fluorescent polarizations observed in the perilipinenriched LD vs. plasma membrane fractions emphasized the contribution of surface lipids and proteins to lipid membrane function, contributions that often depend on membrane structure to guide function.
The consequence of a more highly organized, rigid phospholipid monolayer in association with perilipin and LD lipolytic proteins gives rise to a model of lipolysis wherein select proteins are localized to select areas on the LD surface to promote uptake/efflux of lipids from the interior LD core. This hypothesis, suggesting that the LD phospholipid monolayer may direct lipolytic function based on the structure and order of lipids within it, has its basis in similar observations with the plasma membrane, where cholesterol and fatty acid uptake/ efflux occurs within highly organized, caveolin/cholesterolenriched domains (89) . Moreover, changes in surface hydrophobicity based on phospholipid packing have been used to explain the differential binding affinity and displacing ability of select LD proteins in studies where increased expression of ADRP was shown to reduce the association of other proteins for the LD surface (63) . In addition, the presence of perilipin in highly organized caveolae structures in the plasma membrane where triacylglyerols are synthesized (74) indicates a preference of perilipin for rigid membranes and highlights the importance of membrane structure in cellular function. The sequestering of lipolytic proteins such as perilipin, HSL, and AGTL to rigid areas of the membrane may be critical to enzyme function and define how lipolysis is controlled at the molecular level. Moreover, by creating a lipid zip code in the monolayer membrane that is a target for proteins involved in lipolysis, a novel mechanism to regulate lipid flux is in place, depending on the needs of the cell.
In summary, two populations of LD were analyzed for protein/lipid content and membrane fluidity to show that the perilipin-enriched LD pool, enriched in lipids and proteins involved in lipolysis, exhibited increased rigidity (less fluidity) as assessed by DPH-TMA, NBD-cholesterol, and NBD-sphingomyelin fluorescence polarization studies and lipid analysis where cholesterol/phospholipid, Sat/Unsat, and Sat/MUFA ratios were increased, indicating increased lipid order. In contrast, the nonbinding LD fraction, enriched in ADRP, TIP47, and CGI58, was relatively lipid poor, had more protein, and exhibited increased SA/vol ratios, reflecting the observed decreased order and increased fluidity. Taken together, these results indicate that perilipin and lipolytic LD proteins target areas in the cholesterol/phospholipid monolayer that are highly organized and rigid, similar in structure to localized areas of the plasma membrane where cholesterol and fatty acid uptake and efflux occur. In all, these results provide new insights into the role of the LD phospholipid monolayer in regulating lipid metabolism in the cell.
